14 • Genetic selection for whole plant water use efficiency (yield per transpiration; 15 WUEplant) in any crop-breeding program requires high throughput phenotyping 16 of component traits of WUEplant such as transpiration efficiency (TEi; CO2 17 assimilation rate per stomatal conductance). Leaf carbon stable isotope 18 composition (δ 13 Cleaf) has been suggested as a potential proxy for WUEplant 19 because both parameters are influenced by TEi. However, a genetic link between 20 δ 13 Cleaf and WUEplant in a C4 species is still not well understood. 21 • Therefore, a high throughput phenotyping facility was used to measure WUEplant 22 in a recombinant inbred line (RIL) population of the C4 grasses Setaria viridis and 23 S. italica to determine the genetic relationship between δ 13 Cleaf, WUEplant, and TEi 24 under well-watered and water-limited growth conditions. 25 • Three quantitative trait loci (QTL) for δ 13 Cleaf were found to co-localize with 26 transpiration, biomass accumulation, and WUEplant. WUEplant calculated for each 27 of the three δ 13 Cleaf allele classes was negatively correlated with δ 13 Cleaf as would 28 be predicted when TEi is driving WUEplant. 29 • These results demonstrate that δ 13 Cleaf is genetically linked to WUEplant through 30 TEi and can be used as a high throughput proxy to screen for WUEplant in these C4 31 species. 32 Key words: quantitative trait loci, leaf carbon isotopes, C4 photosynthesis, Setaria, water 33 use efficiency, phenotyping, genetic architecture, drought, transpiration efficiency 34
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carbon and water flux between the plant and its environment. 140 WUEplant relates to net CO2 assimilation rates (Anet) relative to transpiration rate 141 (T) at the whole plant level, and accounts for the proportion of fixed carbon that is lost 142 (ϕc) such as respiration and the proportion of water loss that is "unproductive" (ϕw) 143 such as nighttime transpiration (Tnight) or cuticular evaporation because it is not 144 associated with CO2 assimilation (Eqn 2; Farquhar, Graham D. et al., 1989; Seibt et al., 145 2008). The relationship of these parameters to WUEplant can be defined as
where Anet and T are related through stomatal conductance (gs) as The parameter (ei -ea) is the water vapor molar difference between intercellular and 149 ambient air at leaf temperature, (Ca -Ci) is the CO2 molar difference between 150 intercellular and ambient CO2, and gsCO2 and gsH2O are the conductance values for CO2 151 and H2O, respectively (Farquhar & Richards, 1984; Farquhar, Graham D. et al., 1989; 152 Farquhar, G. D. et al., 1989) . Substituting Eqns 3 and 4 into Eqn 2 gives = 2 ( − )(1 − ) 2 ( − )(1 + ) =
(1 − ) (1 − )
(1 + )
Equation 5 where v is the evaporative demand (ei-ea), and the ratio of diffusivities of H2O and CO2 154 in air is 1.6. The molar ratio of intercellular to ambient CO2 (Ci/Ca) influences WUEplant 155 because it represents the relative drawdown of intercellular CO2 (Ci) by photosynthesis 156 and the conductance of CO2 into the leaf and the conductance of water vapor out the 157 leaf via the stomata. Intrinsic TE (Anet/gs; TEi) is equal to the CO2 gradient from ambient 158 to intercellular spaces (Ci -Ca), which can be rewritten as Ca(1-Ci/Ca). Therefore, Eqn 5 The relationship between δ 13 Cleaf and TEi is based on 1) variation in δ 13 Cleaf (‰) of 162 plants grown in the same atmospheric conditions is primarily controlled by leaf CO2 163 isotope discrimination (Δ 13 C), 2) Δ 13 C is influenced by changes in Ci/Ca and 3) Ci/Ca, as 164 stated above, is affected by the interrelationship Anet and gs. Therefore, TEi (Anet/gs) is 165 related to Ci/Ca and, in turn, Δ 13 C (Farquhar, G. D. et al., 1989; Henderson et al., 1998) .
166
Finally, Δ 13 Cleaf is related to δ 13 C as 167 Δ 13 = 13 − 13 1 + 13 Equation 7 where, δ 13 Cleaf and δ 13 Cambient are the 13 C/ 12 C ratios of the leaf and the CO2 in the air 168 surrounding the leaf, respectively (Farquhar, 1983 this mathematical relationship, if ϕ is less than 0.37, then Δ 13 C increases as Ci/Ca 173 decreases, which corresponds with increasing δ 13 Cleaf. If ϕ is greater than 0.37, then the relationship reverses where Δ 13 C increases with Ci/Ca. In Setaria, ϕ has been found to be less than 0.37, so Ci/Ca is expected to form a negative relationship with Δ 13 C and positive relationship with δ 13 Cleaf (Ellsworth et al. unpublished; Kubásek et al., 2007) . (Ubierna et al., 2011; Sun et al., 2012; Bellasio, C. & Griffiths, H., 2014;  184 Kromdijk et al., 2014; Sage, 2014; Sharwood et al., 2014; Sonawane et al., 2017; Sonawane 185 et al., 2018) .
186
The relationship of Δ 13 C and Ci/Ca can be defined by simplifying the relationship 187 that was originally described by Farquhar (1984) as
where a is the fractionation during diffusion of CO2 in air through stomata (4.4 ‰), b4 is 189 the fractionations of PEP carboxylation and the preceding isotopic equilibrium during 190 dissolution and hydration of CO2 (-5.7 ‰ at a leaf temperature of 25 °C) as described in 191 (Mook et al., 1974; Henderson et al., 1992) , b3 is the Rubisco fractionation (29 ‰), and s is 192 the fractionation during the leakage of CO2 out of the bundle sheath cells (1.8 ‰)
193 (Henderson et al., 1992; Henderson et al., 1998) Wang et al., 1998; Doust et al., 2009) . Seeds from this population 204 were sowed in 10 cm diameter pots pre-filled with ~470 cm 3 of Metro-Mix 360 soil 205 (Hummert, USA) and 0.5 g of Osmocote Classic 14-14-14 fertilizer (Everris, USA) and was grown next to a plant in the water-limited treatment. The position in the growth 215 chamber of each paired replicates was randomly assigned and did not change during 216 the experiment. The effect of growth chamber location was found to be negligible.
217
Plants were divided into two treatments: well-watered and water-limited, where 218 soil water content was maintained at 100 % or 40 % of pot capacity (PC), respectively.
219
Initially all seedlings were watered to pot capacity for the first two days at the sampling an aliquot of the completely homogenized powered leaf tissue was made on a 287 subset of 47 leaves. The slope of δ 13 Cleaf from the punches regressed against δ 13 Cleaf from 288 the ground leaf tissue was 0.93 ± 0.03 (R 2 = 0.96; Fig. S1) , and the mean difference 289 between methods was 0.06 ± 0.04 ‰, which was similar to the IRMS precision for 290 carbon stable isotope analysis and substantially less than the sample standard deviation 291 of 0.5 ‰. Considering the similarity between sampling methods, all leaves were 292 sampled using the more rapid leaf disc method. (Santrock et al., 1985) . Final δ values were the mean of 5 sample peaks calibrated to the 298 international standards NBS 19, RM 8542, and IAEA-CO-9 to calculate δ 13 C relative to 299 Vienna Peedee belemite (V-PDB). Quality control standards were also included to 300 determine the correction quality. Overall standard deviation for δ 13 C values was 0.07 301 ‰.
302
The stable isotope composition of carbon (δ 13 Cleaf) was reported in δ notation, = ( − 1) Equation 9 where Rsample and Rstandard is the isotopic ratios of carbon ( 13 C/ 12 C) of the sample and 304 international standard, respectively. The international standard used for oxygen was 305 Vienna-PeeDee Belemite (VPDB). and in the water-limited treatments (δ 13 Cleaf = -0.0358 slope -13.89; R 2 = 0.92, P = 0.0007; Fig. 4b ). Although this relationship was dampened in the water-limited treatment, it 434 followed a similar trend (Fig. 4b) . Additionally, the order that the allele classes were 435 positioned along the δ 13 Cleaf versus slope regression is very similar between treatments.
436
In the well-watered treatment, the QTL 7@99 (represented by the second letter in three-437 letter allele class names) appears to have the greatest influence on this relationship, 438 where the A10 allele was associated with a reduced slope and enriched δ 13 Cleaf (Fig. 4b) . Table 3 . QTL found across all traits in both treatments that are co-localized in two or more traits. Colored cell represents at least one significant QTL found in the experiment. Filled cells represent QTL, and the number in the cell is the proportion of additive variance explained (%) by the QTL, which can have a positive or negative effect on the trait. All QTL found in the experiment are included in Table S3 . .50 ± 0.85 0.84 < 0.0001 28 -13.79 ± 0.09 45.56 ± 7.96 0.46 0.0005 28 -14.43 ± 0.08 The allele class 'ABA' was not present in this RIL population. These slopes ± SEM are from the relationship found in figure 4a and are also plotted against δ 13 Cleaf ± SEM in figure 4b. 
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Figure captions
Fig. 4
The effect of allele class on dry biomass, transpiration, and δ 13 Cleaf. In panel (a), QTL 7@51, 7@99, and 9@34 were combined to produce seven alelle classes where the first letter represents the allele at QTL 7@51, the second letter represents the allele at QTL 7@99, and the third letter represents the allele at QTL 9@34. The letter 'A' represents the allele from the A10 parental accession (Setaria viridis), and 'B' represents the allele from the B100 parental accession (Setaria italica). Ellipses represent 95 % confidence intervals for the relationship of dry biomass and transpiration, and the slope of this relationship for each allele class was significant, except for allele class 'ABB' in the well-watered treatment (P < 0.0001). In panel (b), δ 13 Cleaf ± SEM is regressed against the slope of relationship ± SEM in panel (a), excluding the nonsignificant slope for 'ABB'. The slope is the WUEplant for an entire allele class. The regression for δ 13 Cleaf versus slope was significant in the well-watered (δ 13 Cleaf = -0.146 slope -12.27; R 2 = 0.88; P = 0.006) and in the water-limited treatments (δ 13 Cleaf = -0.0358 slope -13.89; R 2 = 0.92, P = 0.0007).
Fig. 5
The effect of allele class on the relationship of dry biomass and cumulative transpiration with δ 13 Cleaf. Like in Fig. 4 , QTL 7@51, 7@99 and 9@34 were combined to produce seven alelle classes. In panel a, the mean δ 13 Cleaf was regressed against dry biomass for each treatment and both combined (δ 13 Cleaf = 0.285 dry biomass -14.88; R 2 = 0.87; P = 0.002 for well-watered; δ 13 Cleaf = 0.395 dry biomass -15.17; R 2 = 0.78; P = 0.008 for water-limited; δ 13 Cleaf = 0.310 dry biomass -14.99; R 2 = 0.96; P < 0.0001 for both treatments combined). In panel b, δ 13 Cleaf is regressed against cumulative transpiration for treatment and both treatments combined (δ 13 Cleaf = 1.67 transpiration -14.42; R 2 = 0.92; P = 0.0006 for well-watered; δ 13 Cleaf = 3.016 transpiration -14.78; R 2 = 0.85; P = 0.003 for water-limited; δ 13 Cleaf = 2.07 transpiration -14.62; R 2 = 0.95; P < 0.0001 for both treatments). Regression of both treatments combined is identified by black, dashed line.
Fig. 6
The effect of allele class on the relationship of Tday and Tnight with δ 13 Cleaf. Like in Fig. 4 , QTL 7@51, 7@99 and 9@34 were combined to produce seven alelle classes. In panel (a), the mean δ 13 Cleaf was regressed against Tday and Tnight for each treatment and both combined (δ 13 Cleaf = 0.0195 Tday -14.86; R 2 = 0.78; P = 0.008 for well-watered; δ 13 Cleaf = 0.0249 Tday -15.10; R 2 = 0.81; P = 0.006 for water-limited; δ 13 Cleaf = 0.0215 Tday -15.00; R 2 = 0.93; P < 0.0001). In panel (b), δ 13 Cleaf is regressed against Tnight for each treatment and both treatments combined (δ 13 Cleaf = 0.131 Tnight -15.26; R 2 = 0.67; P = 0.02 for wellwatered; δ 13 Cleaf = 0.137 Tnight -15.52; R 2 = 0.60; P = 0.04 for water-limited; δ 13 Cleaf = 0.167 Tnight -15.73; R 2 = 0.85; P < 0.0001 for both treatments). Regression of both treatments combined is identified by black, dashed line. These values of transpiration represent transpiration on day 27 only because day 27 was the first day that Tday and Tnight could be separated.
